results showed that the cooling effect of the integrated system was obviously better than that of 21 the air cooling system. The variation of the air flow rate and ambient temperature had negligible 22 impact on the heat dissipation of the phase change cooling. After the fully melt of phase change 23 material, the battery temperature did not rise rapidly due to the auxiliary cooling of the cooling air.
based on PCMs and found that the ITMS could reduce temperature rise more than 5 °C and 153 improve its distribution around the cell. Rao et al. [29] numerically investigated the thermal 154 behavior of the PCM/mini-channel coupled TMS by analyzing the effect of the mass flow rate of 155 water, phase change temperature, and thermal conductivity of PCM. The maximum temperature 156 for the ITMS was 14.8 o C, which is smaller than that for PCM-based TMS.
157
To the best knowledge of the authors, there is still much room to study on extension for the
158
TMS coupled with multi cooling approaches. In the current study, for a lithium-ion power battery 165 
Experimental system and test section

An experimental test apparatus was built at Reliability and Environmental Engineering
166
Laboratory at Beihang University, China. The experimental investigations on the thermal 167 management performance of the lithium-ion battery pack with the ITMS were carried out. of the charge-discharge system, data acquisition system, thermal performance test system and the 171 test section. The charge-discharge system was used to simulate the operation state of the battery 172 under different charge and discharge rates conditions. It mainly included several programmable
173
DC power supplies, programmable DC electric loads and relevant test and control software.
174
During the charge period, the battery pack discharged to 18 V with constant currents of 2C/20A,
175
3C/30A and 4C/40A. During the discharge process, it firstly charged to the termination voltage of 176 33.6 V with constant currents of 2C, 3C and 4C and then charged at 33.6 V until the termination 177 current of 0.05 A. In the experiments, the coulomb counting method [30] was selected to estimate 178 state of charge (SOC) and the initial battery capacity during charge was assumed to be 0 Ah.
179
During the middle stage of the charge and discharge, the linear relationship between the SOC and 180 the charge-discharge time was supposed. In addition, the effect of the battery aging and the 181 charge-discharge cycle was ignored.
7
The thermal performance test system provided the required cooling air velocity and ambient 
196
The main components of the data acquisition system included six platinum temperature sensors 
Numerical description
235
In the hybrid power train, there were total 12 battery modules, which were evenly arranged in Afterwards, the energy equation was solved using the known velocity distribution as boundary 251 conditions. Therefore, the temperature fields of all the battery cells could be achieved. Local domain for cells and PCSEUs.
256
The hexahedral meshes were created to discrete the computational domain using the software 257 ICEM CFD 14.0. Local five boundary layers were generated at the cells and wall surfaces. Grid 
262
In the current simulations, the radiation heat transfer was not taken into account [32] . The heat 263 transfer between the battery box casing and surroundings was also negligible. For the composite
264
PCM with copper foam and paraffin, the properties were assumed to be constant and identical for 265 both liquid and solid phase [29, 32] . The motion of solid paraffin, the volume variation and the under harsh conditions, a high charge and discharge rate of 4C was used to for the simulation.
270
Both charge and discharge times were approximate 900 s. In order to get the real results, the 271 actual heat generation rate of the battery under 4C charge-discharge rate conditions was utilized, 
Governing equations
282
The heat generated by the battery originates from the combined effects of the internal 
where h is the convective heat transfer coefficient, A is the heat exchange area, t is the time, T and 290 T0 are the battery temperature at the time of 0 and t, Tamb is the ambient temperature, ρb is the 291 density of the battery, cb is the specific heat of the battery, Vb is the volume of the battery.
292
Under different charge-discharge rates and ambient temperatures conditions, the heat 
where a0, a1, ···, an are constant for a given charge-discharge rate and ambient temperature.
299
When n was equal to 7, the polynomial fitting R-square was more than 0.988. This indicated 300 that the curve was matching well with the calculation value of the heat generation. 
where kb is the thermal conductivity of the battery, qdot is the battery cell heat generation rate per 314 unit volume.
315
For the domain of the PCM, since a pure heat conduction process was considered as the PCM 316 was melting or solidifying, the energy equation can be calculated as follows:
where ρp is the density of the PCM, H is the enthalpy of the PCM, kb is the effective thermal 320 conductivity of the PCM, L is the latent heat of the PCM, β is the liquid fraction of the PCM, 321 which can be expressed as [25] :
where Ts and Tl are the solidification and liquefaction temperature of the PCM, respectively.
324
For the domain of the fluid (air), the continuity, momentum and energy equations were given 325 by Eqs. (7), (8) and (9), respectively.
where ρf and cf are the density and specific heat of the cooling air, PCSEUs temperatures under both simulation and experiment conditions. Good agreements were 348 achieved between the experimental data and the computed results. Overall, the maximum error
349
was not more than 5%. 
Results and discussion
362
The results are presented in the following four sections. The first section analyzes the effect of 
Thermal behavior of the ITMS
368
It needs to be emphasized that the battery temperature can be affected by both the cooling air 
383
In Fig. 7(a) , the battery temperature increases continuously during the 4C discharge process 
Effect of PCM liquid fraction
409
Because the phase change cooling of the PCM depends essentially on the storage of the heat 410 generated by the battery, the liquid fraction of the PCM is a significant index denoting the phase In Fig. 8(a) , during the entire 4C discharge process, the temperatures of the PCSEUs increase discharge ends. In comparison, it is obvious that the heat absorption of the PCMs in Fig. 8(a) is 440 less than that in Fig. 8(b) . Additionally, the higher initial temperature of the battery causes the 441 larger battery temperature.
442
During the entire charge and discharge process illustrated in Fig. 8(c) , the PCMs inside the 
Comparison of thermal behavior of ITMS and ACS
476
In order to further study the effects of ambient temperature and air flow rate on the thermal 
Thermal behavior of ACS during single 4C discharge
525
Under different air flow rates and ambient temperatures conditions, the maximum and 526 minimum values of the air flow velocity and the battery temperature are illustrated in Table 3 . It 527 can be clearly seen from Table 3 the maximum and minimum velocity is also small. However, the velocity difference enlarges 534 with the increase of the air flow rate.
535 Table 3 . The velocity and temperature at different flow rates and ambient temperatures. The non-uniform distribution of the flow field leads to the temperature difference of the battery. 
Thermal behavior of ACS during charge-discharge cycle
545
In the actual application, the battery operates with many charge-discharge cycles. In order to is external power, it can be used to drive the cooling fan without consuming the battery power. after charge and discharge is set to 10 minutes for the above two modes.
605
The temperature profiles of the whole battery pack during 4C charge-discharge cycles are 606 demonstrated in Fig. 11 . It should be noted that at the end of the final cycle, the PCMs fully melts.
607
It can be seen from Fig. 11 that the maximum temperature and the maximum temperature 608 difference of the battery pack generally enlarge with the increase in the number of cycles. During 609 each cycle, the battery temperature rises to the maximum value at the end of the discharge 610 process and there are two temperature peaks in the charge process.
611
For the first operation mode, as shown in Fig. 11(a) respectively. Furthermore, the maximum temperature difference is 3.3 o C. During the discharge 636 process, the temperature difference increases generally, whereas during the cooling stage and 637 charge process, the change of the temperature difference is small.
638
In order to better understand the temperature distribution of the battery pack, the temperature The second operation mode.
28
As a result, for the first operation mode, the TMS is capable of effective controlling the battery 653 temperature and does not need to consume the battery power. For the second operation mode, the 654 TMS can also effectively control the battery temperature with a small air flow rate. But it needs 655 to consume a certain amount of battery energy. Moreover, the maximum temperature of the 656 battery pack is more than that of the first mode and the number of cycle is less than that of the 657 first mode. In addition, it should be noted that both two operation modes can achieve infinite 658 cycle if the enough cooling is provided after the charge and discharge finish. not melt and partially melted, the battery maximum temperatures showed a small difference.
673
Even as the PCMs fully melted, the battery temperature did not significantly rise due to the effect 674 of air cooling. 
